Introduction
Natural selection can favour individuals that exhibit flexible responses to environmental contexts [1] . Such plasticity is necessary to respond to social and ecological heterogeneity, and at a species level, is often associated with widespread ecological adaptation [2 -7] . Exemplars of the relationship between plasticity and ecological adaption include particular species of the macaque genus (Macaca) which are known for their widespread geographical distribution and 'weed-like' persistence [4, 8] . In these species, genetic variations which influence serotonergic signalling pathways have been hypothesized to & 2018 The Author(s) Published by the Royal Society. All rights reserved.
contribute to the species' adaptability to a variety of environments by increasing an individual's sensitivity to context during development [9, 10] . However, despite their potential adaptive value, interest in understanding the role serotonergic genetic variants play in promoting developmental plasticity has often been restricted to their association with psychiatric pathogenicity [11 -16] .
One such serotonergic variant, particularly well-studied in humans and rhesus macaques (Macaca mulatta), is the serotonin transporter gene (SLC6A4). Expression of SLC6A4 can be modulated by a polymorphic region (5-HTTLPR) located upstream of the SLC6A4 promotor region [17, 18] . In vitro studies of the 'long' (l) and 'short' (s) alleles of the 5-HTTLPR, named after differences in their number of repetitive elements, have shown that the s-allele results in reduced expression of SLC6A4. This reduction in transcriptional activity associated with the s-allele of the 5-HTTLPR, in turn, results in decreased serotonin reuptake relative to the l-allele [19] . Phenotypically, rhesus macaque carriers of the s-allele show increased behavioural and endocrine stress-reactivity [20] [21] [22] [23] , social vigilance [24] , receipt of social aggression [25] , displays of submissive signals [26] and social isolation [27] .
The s-allele of the 5-HTTLPR has also garnered attention for its environmentally dependent effects on behavioural phenotypes in rhesus monkeys. Across studies, developmental exposure to early life stressors (e.g. abusive parenting or maternal deprivation) magnifies the behavioural and neuroendocrine response to subsequent stressors, increases aggression and decreases social play of s-allele carrier, relative to l-allele homozygous, rhesus monkeys [19, 20, 22, 28] . This observed gene-by-environment interaction (GÂE), along with corresponding GÂE interactions found in humans between our functionally analogous 5-HTTLPR and stress-mediated increases in psychiatric susceptibility, has led to the popular conceptualization of the l-allele as granting 'protection' from, and the s-allele as granting 'vulnerability' to, adverse early social environments [9, 17, [29] [30] [31] [32] .
The prevailing framework, which posits that the s-allele of the 5-HTTLPR is deleterious, has generated valuable insight into genetic contributors to psychiatric pathogenesis [30] . However, the framework does not address why such a universally deleterious mutation would have independently evolved in macaques and humans and have been maintained at high prevalence across populations in both primate species (reported allelic frequency ranges between 15-39% and 34 -80% in rhesus macaque and human populations, respectively) [17, 33, 34] . Furthermore, in human populations with lower frequencies of the s-allele, we observe a loss-of-function single nucleotide polymorphism on the l-allele which lowers the transcriptional efficiency to that of the s-allele [35] [36] [37] [38] . The high prevalence of the s-allele in primate species has led investigators to hypothesize that genetic variations which influence the transcriptional efficiency of SLC6A4 may confer an advantage in certain social contexts, at different developmental time points, or during different periods in life history [11] [12] [13] 16, 18, 27, [39] [40] [41] [42] .
One particular hypothesis, based on the observed environmentally dependent effects of the s-allele, argues that the s-allele has pleiotropic effects which ultimately maximize an s-carrier's developmental plasticity and that the 5-HTTLPR gene should, therefore, be re-conceptualized as a 'plasticity' rather than a 'vulnerability' gene [11, 12, 15, 16] . This differential susceptibility hypothesis postulates that the s-allele of the 5-HTTLPR grants high biological sensitivity to context, and therefore, carriers experience heightened susceptibility to environmental input. Thus, not only should s-allele carriers exhibit stress-reactive phenotypes when exposed to adverse social environments during development, as has been observed, but s-allele carriers should also benefit the most from supportive social environments during development [5, 11, 12, 14, 43] .
Although there is evidence supporting the differential susceptibility hypothesis for other proposed 'plasticity genes' in humans, to our knowledge to date, no research has tested whether s-allele carriers of the 5-HTTLPR similarly display heightened developmental plasticity in response to high-investing social environments during development in non-human primates [44] [45] [46] . Here we address this important gap in scientific knowledge. Specifically, given the demonstrated value of high-quality maternal care to infant social development in primates [47 -50] , we used naturally occurring variation in maternal behaviour in a free-ranging population of rhesus macaques to test whether infants that are s-allele carriers of the 5-HTTLPR show increased sensitivity to high-investing social environments [49, 51] . In accordance with the differential susceptibility hypothesis and based on documented GÂE effects on social play in response to maternal deprivation [28] , we predicted that social play in juvenile s-allele carriers (i.e. individuals of l/s or s/s genotypes) would be most influenced by indices of high-quality mother-infant attachment. We selected social play as our outcome measure for three key reasons: (i) it is an age-appropriate measure of social competence, requiring the proper display and interpretation of signals to announce non-aggressive intentions [52] [53] [54] ; (ii) it positively predicts the formation of a primate's affiliative social networks [55] [56] [57] [58] ; and (iii) it is predictive of longitudinally stable social bonds which are important for cooperation, survival and reproductive success [59] [60] [61] [62] .
In support of the differential susceptibility hypothesis, we found a GÂE interaction whereby rhesus macaque s-allele carriers which experienced enhanced maternal protection during the first 12 weeks of life, exhibited the highest levels of social play at 2 years of age. L-allele homozygotes, by contrast, were comparatively insensitive to the effects of their early maternal environment. We also found a sex-specific GÂE interaction whereby male rhesus macaque s-allele carriers which engaged in more safe-base exploration, an indicator of secure maternal attachment [63] [64] [65] [66] , similarly exhibited higher levels of social play at 2 years of age. To our knowledge, this is the first report in rhesus macaques to demonstrate that the s-allele, widely considered to be a deleterious genetic variant, instead confers developmental plasticity which responds to early nurturing social environments. Moreover, these findings provide the first observational evidence that increased developmental plasticity in s-carriers of the 5-HTTLPR produces a potentially adaptive response, and by extension, provide functional insight into robust maintenance of the s-allele in primate populations.
Methods (a) Subjects and study site
This study was conducted on Cayo Santiago, a 15 ha island located 1 km off the eastern coast of Puerto Rico. The study rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180541 site and monkey population are managed by the Caribbean Primate Research Centre (CPRC). During the study period, the population consisted of approximately 1200 free-ranging, dailyprovisioned, rhesus macaques (Macaca mulatta) of Indian origin and robust genetic health [67, 68] . For ease and reliability of identification, all monkeys are captured and tattooed with a unique alphanumeric identifier at 1 year of age. Subjects were the first n ¼ 46 macaque infants (n ¼ 24 males, n ¼ 22 females) born to different mothers between August and September 2011 in two of the nine naturally formed and human-habituated social groups (groups R and S). This research protocol was approved by the Institutional Animal Care and Use Committees at the University of Puerto Rico, Stanford University and The University of Chicago. All procedures complied with both the National Institute of Health policies on the care and use of animals, and the legal requirements of Puerto Rico and the United States. On-site animal welfare standards and practices were ensured by the veterinarian and managerial staff at CPRC.
(b) Behavioural observations
Longitudinal behavioural data were collected from subjects during two different developmental stages. Observations were initiated at birth and continued throughout the first 12 weeks of life (August -December 2011). Subjects were again observed as juveniles for approximately 20 weeks when they were approximately 2 years of age (June -November 2013). All observations were collected between 07.00 h and 14.30 h, the order in which subjects were followed was randomized weekly, and observations were counterbalanced biweekly between morning and afternoon observation blocks in order to avoid circadian behavioural biases. Observers were at all times blind to the subject's genotype.
During the first 12 weeks of life, each infant was observed for two 30 min periods per week using continuous focal sampling methods [69] . Each observation period was recorded with a handheld video camera (Kodak PlaySport Z3) for subsequent coding. As previously described, the final infant behavioural dataset consisted of 542 h of recorded observation time [70] . Interobserver reliability greater than Cohen's k ¼ 0.9 for occurrences of maternal interactions was reached before coding of the videos was initiated. Mother -infant interactions were coded by all observers using automatic time-stamp functions in MICROSOFT EXCEL. Once imported, MICROSOFT ACCESS was used to calculate frequencies of mother-infant interactions which were subsequently converted into hourly rates per subject. Coded behavioural interactions have been described in detail elsewhere [71 -73] ; a summary ethogram is included here (see the electronic supplementary material, S1).
Between the average age of 21.4 + 0.6 (s.d.) and 26.6 + 0.7 (s.d.) months, the same subjects (now juveniles) were observed and handheld devices (Psion Workabout TM ) loaded with 'behaviour' software for event recording (Syscan International Inc., Montreal, Quebec) were used. Each subject was observed for one 30 min period per week using continuous focal sampling methods [69] . The final juvenile behavioural dataset consisted of 497 h of observational data [74] . For the present study, counts of social play were extracted as was the total time observed which ranged from 9 to 11.5 h per subject. Any instance of rough-and-tumble as well as non-aggressive (silent) wrestling and chasing, characterized by the use of a 'play face', was recorded as social play [53, 71] .
In rhesus macaques, juvenile dominance rank is maternally inherited, and on Cayo Santiago these adult dominance ranks, based on results of agonistic encounters and displacements between individuals, are recorded in a database maintained by the CPRC staff. Additionally, during the first 12 weeks of life of our subjects, we collected ad libitum data on the outcome of dyadic agonistic interactions between mothers of our subjects to confirm dominance hierarchies [69] . As has been previously described, the dyadic interaction data were placed into a winner-loser matrix and used to equally distribute the mothers into high, middle or low ranking categories, separately for each of the two social groups [70, 75] . Maternal rank was then used as a statistical blocking factor in our analysis to control for any effect of dominance status on social play.
(c) Genotyping
During the yearly 'trapping season' (here, January -February 2012), infant subjects and their mothers were captured using standard CPRC protocols. Mothers and infants were separated and blood samples from the femoral vein of unanaesthetized infants were collected in tubes coated with ethylenediaminetetraacetic acid (EDTA), processed, stored in 2808C and shipped for genotyping. The genotyping protocol has been detailed elsewhere [17, 19, 22, 76, 77] . We were unable to genotype n ¼ 4 subjects and their data were thus excluded from further analyses. Because of the paucity of rhesus macaques with homozygous s/s genotypes, and as is standard in similar behavioural genetic studies, we grouped individuals that carried at least one copy of the s-allele of the 5-HTTLPR [78, 79] .
(d) Statistical analyses
All data were analysed in JMP 13 PRO and SAS 9.4 for WINDOWS (SAS Institute Inc, Cary, NC). In order to simplify the motherinfant interaction data for analysis, we first performed a principal components analysis (PCA) with varimax rotation. Following best practice for PCA [80, 81] , the raw data were normalized by using their correlation matrix for the PCA. The initial solution gave five principal components (PCs) with eigenvalues greater than 1 (PCs with eigenvalues less than 1 should be rejected), but the scree plot suggested that a three-PC solution might be optimal. We calculated both solutions. The three-PC solution yielded biologically meaningful PCs in line with previous literature [47,49,63,71 -73,82] , whereas the five-PC solution yielded similar results to the three-PC solution, but the additional PCs loaded only one or two behaviours (indicating poor data reduction). We, therefore, adopted the three-PC solution and calculated PC scores for each individual for further analysis.
As the behavioural data were expressed as counts, social play was analysed as a restricted maximum-likelihood Poisson regression [83] . To control for differing observation times, total observation time was used as an offset in the model. Dispersion was estimated and corrected by the model. We first predicted social play, using a Poisson regression blocked for date of birth and maternal rank, and tested for sex (male or female), 5-HTTLPR genotype (l/l versus s/s or l/s), the sex-by-genotype interaction and their interactions with each of the three PCs.
The resulting model showed evidence of over specification. Following best practice for linear models, we, therefore, simplified to a final model which only included statistically significant and hypothesis-driven interactions with maternal components (i.e. we retained genotype-by-PC interactions, but excluded nonsignificant genotype-by-sex-by-PC and sex-by-PC interactions) [80] . The final model showed no evidence of over specification. The model was tested with type III likelihood ratios. Post hoc contrasts and custom tests were performed, and Bonferroni corrected.
Results (a) 5-HTTLPR genotyping
The distribution of 5-HTTLPR genotypes in our n ¼ 42 subjects was as follows: males-l/l ¼ 12, l/s ¼ 9, s/s ¼ 2 and 
(b) Principal components analysis data reduction
The PCA reduced maternal interaction measures to orthogonal dimensions that were consistent with previous research [47,49,71 -73,82] . Rates of groom, retrieve, restrain, mother follow infant, contact initiate by the mother, and suckle positively loaded onto principal component 1 (PC1), which we labelled 'maternal protectiveness', and explained 23% of the variance in the data. Rates of proximity initiate by the infant, contact initiate by the infant, proximity break by the infant, infant follow mother, proximity break by the mother, contact break by the mother and proximity initiate by the mother all positively loaded onto principal component 2 (PC2), which we labelled 'safe-base exploration', and explained 19% of the variance in the data. Rates of abuse, both active and passive reject, and contact initiate by the infant positively loaded onto principal component 3 (PC3), along with negative loadings of proximity break by the mother, proximity initiate by the mother and suckle. We labelled PC3 'maternal rejection', and it explained 14% of the variance in the original data. The resulting loading is summarized in table 1.
(c) Gene-by-environment interaction
The interaction between 5-HTTLPR genotype and maternal protectiveness was significant (likelihood ratio (LR) x 2 ¼ 4.46; p ¼ 0.0347). Post hoc tests revealed that s-allele carriers which received higher levels of maternal protection during infancy exhibited greater social play at 2 years of age (LR x 2 ¼ 12.88; p ¼ 0.0003; figure 1 ). L-allele homozygote subjects showed no significant effect from maternal protection (LR x 2 ¼ 1.08; p ¼ 0.2997; figure 1) .
A three-way interaction between 5-HTTLPR genotype, safe-base exploration and sex was also highly significant (LR x 2 ¼ 9.13; p ¼ 0.0025; figure 2a ). Post hoc tests demonstrated that male s-allele carriers which engaged in greater safe-base exploration during infancy exhibited greater social play at 2 years of age (LR x 2 ¼ 20.41; p , 0.0001).
Conversely, l-allele homozygote males which were observed conducting greater safe-base exploration during infancy exhibited decreased social play at 2 years of age (LR x 2 ¼ 9.479; 
While there was no GÂE interaction between 5-HTTLPR genotype and maternal rejection, we found a significant sex-by-environment interaction between infant sex and maternal rejection (LR x 2 ¼ 4.33; p ¼ 0.0375), whereby the relationship between early maternal rejection and juvenile social play differed significantly between male and female infants. However, in post hoc tests, neither sex showed a significant relationship on their own even before Bonferroni correction. The relationships between early maternal rejection and juvenile social play may have been particularly difficult to detect in this dataset: unlike for the other PCs, maternal rejection had a highly skewed distribution with only three individuals experiencing high levels of rejection.
Discussion
In this study, we found that rhesus macaque carriers of the risk-associated s-allele for the 5-HTTLPR gene engaged in social play as juveniles at higher frequencies if they had also experienced high levels of maternal protection as infants ( figure 1) . The fact that behavioural phenotypes of juveniles differ based on the quality of early maternal care in s-allele carriers, and that these carriers can show lower or higher levels of social play than l-allele homozygotes depending on early maternal care, provides evidence that the s-allele confers to its carriers a higher degree of developmental plasticity. This finding supports the interpretation provided by the differential susceptibility hypothesis whereby the s-allele increases the environmental sensitivity of the carrier during development and that under certain circumstances may actually confer benefits to its carriers. Safe-base exploration, an indicator of secure maternal attachment and which is suggested by fluid changes in mother -infant proximity and contact [63, 64] , provided an added opportunity for us to assess the interaction between differing quality of maternal environment and variants of the 5-HTTLPR gene. We found that male rhesus macaque carriers for the s-allele for the 5-HTTLPR which had demonstrated higher scores in safe-base exploration as infants also played at higher frequencies as juveniles (figure 2a). While maladaptive GÂE interactions in rhesus macaques have been widely reported between the s-allele and adverse rearing environments, to our knowledge this is the first report of GÂE interactions between the s-allele and maternal care as an example of potentially adaptive developmental plasticity in rhesus macaques. Similar to the present study, prior interventional and observational studies in humans have reported GÂE interactions that confer adaptive value for other genes traditionally thought to confer risk for psychiatric illness [45 -47] . Our study expands this body of literature, which supports the differential susceptibility hypothesis for several widely interpreted 'deleterious' alleles, to include the s-allele for the 5-HTTLPR in non-human primate populations [10 -12,14-16,39,46,85] .
Besides the differential susceptibility hypothesis, two other hypotheses address the evolution of the polymorphic 5-HTTLPR region. The balancing selection hypothesis posits that the stress-reactive phenotypes of s-allele carriers are in itself adaptive; the prevalence of the s-allele is justified by competitive social contexts in which the hypervigilant, observant and aggressive behavioural profile of s-carriers is adaptive [13, 40, 86] . Evidence supporting this hypothesis shows an association between polymorphic variation in serotonergic pathway genes and interspecific levels of social aggression across macaque species [9, 42, 87] . By contrast, the life-history modification hypothesis posits that the s-and lalleles confer temporally shifted mating strategies. Thus, despite yielding proportionally similar reproductive output, genotypic variations in the 5-HTTLPR region are associated with both the age at which rhesus macaque males disperse from their natal groups and the age at which males are maximally reproductive [41, 88] . Similarly, subordinate s-allele carrier rhesus macaque females-female members of the rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180541 species do not disperse and instead form core matrilines within their natal group-experienced delayed sexual maturation relative to l-allele homozygous females [89] . Although genetic inquiries into the evolution of the SLC6A4 gene support the differential susceptibility hypothesis [18] , the differential susceptibility, balancing selection and lifehistory modification hypotheses are not necessarily mutually exclusive and may represent three different simultaneous levels of stabilizing selection. For example, the hypervigilant and aggressive behavioural profile of the s-carriers, selected for in the balancing selection hypothesis, could conceivably result from predictive environmental programming during rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180541 development and thus in reality be a form of informational adaptive developmental plasticity [10] .
Additionally, with safe-base exploration, we also report sex-dependent influences whereby infant females of either genotype were insensitive to differences in early life environment (figure 2b). One possible explanation for this sex-dependent interactions is that, as the species' dispersing sex, males may be more influenced by developmental differences in safe-base exploration which in itself incorporates behavioural indicators of independence [41] . Another additional explanation is that there are known sex-differences in the developmental trajectories of rates of social play in rhesus macaques, with males engaging in social play at much higher rates and at earlier ages than females [90, 91] . It is conceivable that in female rhesus macaques social play may not be the most sensitive measure by which to test for the presence of developmental plasticity. In humans, s-allele carrier mothers self-report higher perceived attachment with their own infants if they self-report having themselves received better maternal care during childhood [92] . Given known female-bias in attraction toward infants in macaque species [93] , future studies will need to address whether maternal care received during infancy by female rhesus monkey s-allele carriers influences their own maternal care as adults.
Finally, we report that male rhesus macaques of the 5-HTTLPR l/l genotype who demonstrated higher scores in safe-base exploration as infants, engaged in lower frequencies of social play as juveniles ( figure 2a ). This unexpected GÂE interaction is contrary to the prevailing notion of the l-allele as resistant to environmental influences [9, 17] , and instead suggests that the l-allele may likewise confer individuals responsiveness to different environmental contexts and may do so in an opposing manner to that of the s-allele. Future studies are needed to investigate this possibility.
We note that our study is not without limitations. We have interpreted higher rates of social play as an adaptive response, but there are costs associated with it. For example, research on wild macaques has shown that while higher rates of social play do confer benefits such as better acquisition of motor skills, social play can impose energetic costs to the individual and result in decreased body growth [94] . Additionally, although early social play demonstrates a long-lasting relationship with the development of social skills and relationships critical to survival [52,53,55 -57,59,60,62,95] , the association between social play and later reproductive success has not been established in primates. Follow-up research is, therefore, necessary to determine the relationship between social play during primate juvenility and adult reproductive fitness [95] , as has been shown in other mammalian species [61, 96] . Finally, although we report a GÂE interaction between the s-allele of 5-HTTLPR and maternal care in rhesus macaques which influences social play, follow-up studies need to determine the generalizability of this effect by investigating other cognitive and neuroendocrine measures during juvenility.
To conclude, this study demonstrates GÂE interactions between early maternal care and 5-HTTLPR genotype of the Figure 2 . Safe-base exploration influences juvenile social competence in a sex and genotype-dependent manner. Infant genotype, sex and levels of safe-base exploration experienced during the first 12 weeks of life interact to influence levels of social play exhibited at 2 years of age (LR x 2 ¼ 9.13; p ¼ 0.0025). (a) Male s-allele carriers of the 5-HTTLPR (i.e. l/s and s/s individuals; blue circles) which experienced higher levels of maternal protection during infancy exhibited greater social play as juveniles (LR x 2 ¼ 9.13; p , 0.0001). Male l-allele homozygotes of the 5-HTTLPR (i.e. l/l individuals; orange circles) similarly displayed a relationship with safe-base exploration. However, it was in the opposite direction to male s-allele carriers whereby l-allele homozygote males which displayed higher levels of safe-base exploration during infancy exhibited decreased social play during juvenility (LR rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180541 infant which influences later social competence in rhesus macaques. These findings provide, to our knowledge, the first empirical evidence supporting the hypothesis that the s-allele of 5-HTTLPR grants developmental plasticity which can respond to high-investing early environments. Not only do these findings help dispel the popular conceptualization of the s-allele as invariantly deleterious, they provide a framework through which to further understand developmental plasticity in behaviour and its role in adapting to heterogeneous environmental conditions [97] .
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